Abstract-In this letter, a sensitivity improvement for systems combining low-coherence interferometry (LCI) and microwave photonics (MWP) is demonstrated. This improvement is due to the introduction of a different modulation format and an exhaustive control of the optical source profile compared with previous MWP-LCI schemes. Our proposal allows to retrieve the visibility of low-coherence interferograms through the analysis of the interference pattern using a dispersive element. We demonstrate that the use of a phase modulator offers better stability and lower insertion loss since a bias point configuration is not needed compared with the intensity modulators typically used in these schemes. The process for controlling the optical source profile permits a comparison between uniform and Gaussian profiles. In this way, the limiting effects of the sidelobes over the achieved sensitivity level are analyzed. The proposed MWP-LCI structure is experimentally demonstrated through the characterization of the electrical transfer function. In this case, a maximum sensitivity of 65 dB is achieved in our MWP-LCI structure showing a 30-dB improvement compared with current proposals.
I. INTRODUCTION

L
OW coherence interferometry (LCI) is an extended measurement technique able to give excellent precision in the axial direction. An incoherent source is employed to illuminate a sample and a reference surface such as a mirror. The combination of the backscattered light coming from the sample and the reflection in the mirror surface creates an interference pattern, whose analysis can determine the position of the events produced in the axial direction of a sample [1] . Currently, the main field of application in LCI is medicine through the optical coherence tomography (OCT) [2] . LCI is also interesting in applications such as components characterization [3] or physical magnitude sensing [4] .
Although LCI is a widely employed technique, the current solutions show a lack of stability and cost effectiveness what implies an increment in the design complexity. Current proposals are focused in improving the key parameters of LCI as sensitivity, penetration depth or resolution. In this context, the combination of LCI and Microwave Photonics (MWP) permits to solve these issues by exploiting the inherent stability of the interference pattern in the RF domain. For instance, a method for retrieving low-coherence interferograms was proposed by slicing an incoherent optical source and analyzing it employing a dispersive element [5] . Besides, in [6] a single side-band modulation approach is employed in order to improve the total measurable range of the current MWP-LCI schemes. Despite both proposals demonstrate the feasibility of this technique; the current key parameters of the MWP-LCI proposals are limited, especially in terms of sensitivity. In this sense, it is necessary to explore new solutions to this issue.
In current MWP-LCI configurations [5] , [6] , intensity modulation (IM) is employed as the typical modulation format in commercial applications. As known, an intrinsic optical loss in the modulation process is produced due to the biasing polarization. Moreover, the existence of a bias drift is also common in this process mainly due to the combination of pyroelectric, photorefractive and photoconductive effects concerning the electro-optic materials [7] . In this sense, we propose to analyze alternative modulation formats to achieve an improvement on the key parameter of the MWP-LCI systems. Concretely, the use of phase modulation (PM) can be a feasible solution in order to reduce optical losses in a MWP-LCI structure as there is no need of biasing the modulator.
In this context, a MWP-LCI scheme is proposed by means of PM-IM conversion through a dispersive element with an additional control of the optical power spectrum density in order to improve sensitivity compared to previous approaches. In order to analyze the obtained improvement compared to previous proposals [5] , [6] , theoretical and experimental analyses are carried out. Moreover, we attach a study where the importance of the control in the optical source profile is shown in order to improve the sensitivity level. For the proposed MWP-LCI structure, a maximum sensitivity value of 65 dB with a resolution value of 120 μm is achieved.
II. SYSTEM DESCRIPTION The layout of the proposed MWP-LCI structure is shown in Fig.1 . The main target of this work is focused on the sensitivity improvement compared to previous approaches [5] , [6] . For this, we propose a scheme with phase modulation (PM) as a novel modulation format for MWP-LCI and a complete control of the optical power spectrum density. In this structure, a broadband source (BBS) and an optical channel controller (OCC) are set to generate the desired optical power profiles. The BBS has a total bandwidth of 80 nm and the OCC (WaveShaper 4000S) is centered in 1547.22 nm and has 5026 independent channels separated 8 pm. Each channel can be attenuated independently with a potential range 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. of 50 dB. The control of the optical profile is externally performed by a personal computer. Then, the optical signal generated is introduced in a Mach-Zehnder interferometer (MZI) by means of a 50:50 optical coupler. In the upper arm, a polarization controller device is placed in order to control the polarization state inside the interferometric structure. This control also ensures the maximum visibility of the interference.
In the lower arm, the sample under test would be place by means of an optical circulator. For simplicity, a variable delay line (VDL) is employed in order to emulate the behaviour of a real sample. The optical path difference (OPD) produced between both arms is the origin of the slicing of the optical source signal which period is proportional to the OPD in the interferometer. After the interferometric structure a phase modulator is placed in the structure (PHASE MOD). This device performs the electro-optic conversion of the optical signal. The RF signal employed in this process is generated by a vector network analyzer (VNA) (Agilent E8364A) labeled in Fig. 1 as RF IN. In Eq. (1), the signal m(t) describes the type of modulation performed:
where the non-lineal terms a k for a phase modulator are given by the insertion loss α P M , the modulation index m and the Bessel function J k of the first kind and order k [8] .
The modulated signal is then launched into a dispersive element with an accumulated dispersion ofφ 2 = −227 ps 2 , i.e., a 10 km single mode fiber (SMF). PM-IM conversion can be easily performed by a dispersive device as a SMF [9] . Finally, for the detection stage, a single photodetection is performed (PD). In this case, the RF signal obtained after the PD (RF OUT) is the signal that contains the information of the OPD introduced by the sample. By taking this signal to the VNA, the electrical transfer function of the system can be analyzed through the obtention of the S21 parameter.
The MWP-LCI structure proposed in Fig. 1 can be theoretically described by generalizing the development made in [10] . Following a similar procedure, our MWP-LCI proposal can be theoretically described by generalizing this previous development. Concretely, we define the electrical transfer function of the structure H OU T for any modulation format considering a small signal approach with a generic n-layered sample scenario:
From (2), we can differentiate two main contributions. The first term H M O D is determined by the effects of the modulation process and the dispersive element:
The second term corresponding to Eq. (2) is related to the LCI response (H LC I ) where H n and τ n represent the corresponding reflectivity and the delay associated to the nth-layer of the sample, respectively. The term R M is the reflectivity related to the upper arm of the interferometer.
From (4), a DC component and several RF resonances around the electrical frequency ± n can be distinguished. The central frequency of these RF resonances is closely related to the OPD n related to each nth-layer, i.e.:
where c 0 is the speed of light in vacuum. Note that each contribution in (4) is given by the termS ( ) which represents the Fourier transform of the optical source in the following form:S
In order to show the performance of the proposed MWP-LCI structure, we consider a VDL as a single sample set two different OPDs. First of all, the PM-IM conversion must be performed in order to recover the RF signal using a PD. This fact can be seen in the sinusoidal term H M O D of the following expression introducing (1) into (2):
In Fig. 2 , the PM-IM conversion is plotted using a tunable laser to describe (7). Taking into account the experimental parameters, a useful window around 15 GHz is obtained. In order to show the properties of the term H LC I , two samples are considered with an OPD set to 2.78 mm and 3.64 mm for different optical sources profiles. Concretely, uniform and gaussian profiles with a 3dB bandwidth of 8.8 and 6.4 nm, respectively, are achieved through the optical source generation stage for the experimental measurement. We can observe that for each profile, an RF resonance is generated around 13 and 17 GHz, for the gaussian and uniform profiles, respectively, as predicted by (5) . In this case, the resolution of the MWP-LCI proposed system is obtained from Fig. 2 with a similar value around 120 μm for both profiles. Fig. 2 shows that experimental results for both profiles are free from the baseband component that the theoretical analysis predicts according to (4) . In this way, the PM-IM conversion improves the global response of the electrical response since it has a lowpass characteristic as shown in (7) . Indeed, one of the main contributions of noise is produced by the baseband component and its sidelobes.
III. SENSITIVITY ANALYSIS
Sensitivity is one of the most important parameters in LCI-based systems. In OCT applications, sensitivity is generally defined as the lower reflectivity coming from the sample that can be detected by the system. Numerically, it is usually related to a signal-to-noise ratio (SNR) value of SNR = 1 [11] . Consequently, in order to improve sensitivity compared to previous MWP-LCI approaches [5] , [6] , two different scenarios are considered: increasing the total signal level or reducing the noise contribution.
The optimization of the structure in terms of optical losses is an excellent step in order to increase the final signal level. Furthermore, noise contribution is practically originated by the baseband component and its sidelobes in this kind of systems as abovementioned. In this sense, the configuration of the optical power profile is critical for the control of the noise generated by the structure. In this context, we propose a sensitivity analysis focuses on two points. Firstly, a comparison between our structure and the modulation format used in previous approaches. Secondly, an analysis of different optical power profiles in order to examine its importance over the sensitivity. 
A. Modulation Format (Analysis of H M O D )
In order to demonstrate that the use of PM format is beneficial for improving sensitivity, we need to compare the effects of IM and PM in the term H M O D . Therefore, we first need to particularize (3) for IM using:
where α I M represents the insertion loss of the intensity modulator and B n is the term related to the bias configuration. By taking (8) into account, we can find the corresponding transfer function for IM operating in quadrature:
A direct comparison can be then established between the electrical response of (7) and (9) . The most important difference is found in the factor 2 and the insertion losses. This factor is caused by the need of setting the bias configuration of the intensity modulator to its quadrature point. This fact involves an intrinsic minimum loss of 6 dB of IM compared to PM in the experimental measurements. Moreover, the employment of a different modulator implies a different value in the insertion loss (α AM and α P M ) that can slightly affect the output RF signal level. However, this fact is not controllable since it depends on the manufacturer and it is not a solid point of comparison. Finally, we observe that the term related to the dispersive element is different in (7) and (9) . For IM case as shown in (9), CSE is the main limitation since the RF resonance is removed for certain electric frequencies. In LCI systems, this involves a limited penetration depth. However, for PM an additional benefit is produced due to the notch near to DC as shown in Fig. 2 .
B. Optical Source Power Profile Control (Analysis of H LC I )
In MWP-LCI systems, the electrical transfer function obtained when the sample is not present in the interferometer (H n = 0) is considered as the noise contribution and it permits to calculate sensitivity of the system.
In order to analyze the relationship between the optical power profile and the noise contribution, Fig. 3 shows the electrical noise response for the uniform and gaussian profiles used for Fig. 2 . A similar normalization procedure has been applied in this case as in Fig. 2 . We observe that the electrical noise contribution sidelobes for the uniform profile are much higher compared to the gaussian profile although the optical power level of the integrated signal is similar.
Therefore, the residual signal present in this electrical transfer function is originated by the sidelobes of the baseband component. From (6), we can observe that the shape of the RF resonance can be identify as an inverse Fourier transform (IFT) of the original optical source profile scaled to the electrical frequency. Therefore, the electrical of the baseband contribution is mainly determined by the selected profile at the optical signal generation stage.
Finally, a comparison between the sensitivity achieved by the uniform and gaussian profiles is attached. For this, the amplitude of the RF resonance originated when different OPDs are set in the interferometer has been measured. In order to obtain the sensitivity of each profile, the noise contributions seen in Fig. 3 have been considered. Results obtained are depicted in Fig. 4 . We can observe that for the uniform profile, the sensitivity obtained is clearly affected by the PM-IM conversion for low OPDs which corresponds with RF frequencies close to baseband. For that case, a maximum sensitivity of 40 dB is achieved. However, for the gaussian profile an important difference compared to the uniform profile is found since the sidelobes are much lower in all the range measured as depicted in Fig. 3 . In this case, a maximum sensitivity of 65 dB has been obtained, demonstrating that the control of the optical source power profile can considerably improve sensitivity level. Compared to previous proposals [5] , [6] , a 30 dB improvement has been achieved in our work. Theoretical simulations of the sensitivity have been added in dashed line showing the good agreement with the experimental results for both profiles.
IV. CONCLUSION
In this letter, a MWP-LCI structure combining phase modulation and a complete control of the optical signal profile is proposed in order to improve sensitivity achieved compared to previous proposals [5] , [6] . A theoretical description of the structure is addressed where we conclude that the use of intensity modulators is a drawback in terms of sensitivity compared to the phase modulator due to the biasing polarization. Furthermore, the relevance of the optical signal profile in obtaining sensitivity is also presented. We have observed that the noise contribution of the structure is produced by the baseband component. In this case, the comparison in terms of sensitivity of a uniform and a gaussian profile is provided. We have demonstrated that the sidelobes of each profile implies an extremely different value for the achieved sensitivity level. In this way, a 30 dB improvement for sensitivity has been obtained compared to previous proposals using phase modulation and a gaussian profile with a maximum sensitivity level of 65 dB.
